Abstract: Large-scale two-dimensional air-gap photonic crystals (PhCs) were embedded in an n-type GaN layer to enhance the light emission of GaN-based light-emitting diodes (LEDs). The embedded-PhCs were obtained through overgrowth on n-GaN templates, which had air holes array previously fabricated by using nanosphere lithography technology. The effects of the distance D from active region to PhCs on the light extraction efficiency (LEE) of LEDs are investigated by experiments and finite difference-time domain simulation. The PhC LEDs with D = 2370 nm showed an improved light output power by 80.8% on average at forward current of 350 mA without degradation of electrical performance compared to conventional LEDs. It is mainly attributed to the improved LEE by enhancing the interaction of the guided modes and the embedded air-gap PhCs.
Introduction
Gan-based light-emitting diodes (LEDs) are becoming an increasingly attractive alternative to conventional light sources due to their compact structures, high efficiency and long lifetime. Ongoing research is dedicated to improving their performance through the use of more efficient light-generating and light-extracting structures. In a classic GaN-based LED, only 12% of the total light emitted from the active region will be extracted into the air from both the top and bottom surfaces, without considering the electrodes absorption and the remaining 88% will be guided in the GaN (66%) and the flat surface sapphire (22%) layers due to the discrepancy of the refractive index between the slab and the air [1] . Therefore, there is much room for improvement in terms of light extraction efficiency (LEE). To improve LEE, methods including integrated photonic crystals (PhCs) [2] - [13] in GaNbased LEDs have been used to model the propagation of emitted light at the interfaces between device surfaces and the air. The PhCs structures, which penetrate the active region originally, are still difficult to achieve an electrically active device in GaN-based LEDs [9] . Therefore, most ongoing scientific efforts have focused on the use of PhCs as diffraction gratings separated from the active region of GaN-based LEDs as an alternative approach instead.
In recent years, most of PhCs are introduced in the surface of LEDs to increase the light escaping probability, such as in p-type GaN layer [4] - [7] or indium tin oxide (ITO) transparent conductive layer [8] of standard mesa LED structures (thick LEDs) or in n-type GaN layer of vertical LED structures (thin LEDs) [9] . However, the observed enhancement in the LEE of thick LEDs with surface-PhCs was much lower than the theoretical limit, due to the weak interaction of surfacePhCs with the low-order guided modes [10] , [11] . Unfortunately, low-order guided modes also carry a large portion about 30% of the total emitted-light [1] . It is worth noting that, in thin LEDs with surface-PhCs, the enhancement of LEE was improved significantly for the substantially reduced total guided modes in thin LEDs [9] . However, the transferring of PhCs by using dry etching into the surfaces of either thick or thin LEDs, the electrical performance of surface-PhCs LEDs may degrade from plasma damages [4] - [6] , [8] , [9] . Interestingly, two-dimensional (2D) PhCs embedded in n-type GaN layer of thick LEDs have been studied by several groups [14] - [17] . In this way, not only the electrical performance of embedded-PhCs LEDs was not degraded for the planar top surface, but also the LEE has been improved remarkably in contrast to the common surface-PhCs configuration [15] , [16] . The LEE improvement is contributed to stronger interaction between the embedded airgaps and all of the guided modes caused by high refractive index contrast in the n-type GaN layer. However, searching for costly and large-scale methods to produce embedded-PhCs structures and optimizing them are still worth further studied. In this paper, based on nanosphere lithography (NSL) technology, compared with nano-imprint technology which needs expensive imprint template [16] , it is a promising method for its low cost (only chemical reagents were used) and large-scale (2 inch or more large template can be realized) property. Two-dimensional air-gap photonic crystals (PhCs) are produced and embedded in n-type GaN layer to enhance the light emission of LEDs. The paper is arranged as follows. In Section 2, the detailed experiments are described. Section 3 presents the experiment and simulation results and some discussion. The summary and conclusions are given in Section 4.
Experiments
In this experiment, we used nanosphere lithography (NSL) technology [18] , [19] to embed 2D air-gap PhCs in n-type GaN layer by overgrowth method to enhance the LEE of LEDs. Schematics of the embedded-PhCs LEDs fabrication process were illustrated in Fig. 1 . Firstly, a 2-µm-thick undoped GaN layer was grown on a c-plane sapphire substrate through standard two-step process by MOCVD using trimethylgallium (TMG) and ammonia (NH 3 ) as precursors. Subsequently, a 2-µm-thick n-type GaN layer was grown using 6 slm (slm denotes standard liters per minute) of NH 3 , 75 sccm (sccm denotes standard cubic centimeters per minute) of TMG, 12 sccm of disilane (SiH 4 ), and 15 slm of hydrogen (H 2 ) as carrier gas under 1055°C and 200 Torr for 50 min. For the fabrication of embedded-PhCs structure, a hexagonal close-packed self-assembly monolayer of polystyrene (PS) nanospheres with 600-nm-diameter [ Fig. 2(a) ] was transferred onto the n-type GaN layer. Secondly, oxygen (O 2 ) plasma reactive-ion etching (RIE) was used to etch the edge of the PS nanospheres and reduce their diameter to about 400 nm followed by 100-nmthick nickel (Ni) film deposited by using an e-beam system. After removing the PS nanospheres by sonication in toluene, a Ni nanomesh with about 300-nm-diameter holes was left on the n-type GaN layer. Thirdly, we transferred the nanomesh pattern to the n-type GaN layer using Cl 2 /Ar 2 /BCl 3 plasma inductively coupled plasma (ICP) etching process [ Fig. 2(b) ]. The depth of the air holes in the n-type GaN layer was about 1 µm and the diameters of the air holes were about 200 nm. The hole sidewalls are very vertical and their diameters are uniform [ Fig. 2(c) ]. On the other hand, some defects were induced in the sidewalls of the air holes by plasma damages. After removing the residual Ni metal on the n-type GaN layer by acid washing, finally, a LED structure with epitaxial layers followed by regrown n-type GaN layer, In 0.2 Ga 0.8 N/GaN multiple quantum wells (MQWs), p-type AlGaN as electron blocking layer (EBL), and p-type GaN layer was grown in MOCVD. 2D air-gap PhCs were embedded in the n-type GaN layer [ Fig. 2(c)-(f) ].
Of particular note, the grown parameters of the regrown n-type GaN layer was completely the same as the one of the originally grown n-type GaN layer, which has a little difference with the overgrown method described in [20] . In [20] , relative high growth temperature (1165°C) and low growth pressure (85 Torr), where the (0001) plane had a higher growth rate than semipolar facts, were needed for a rapid coalescence of an n-type GaN layer over the air-gap PhCs. In our work, the air holes in the originally grown n-type GaN layer were deep enough, we could get embedded air-gap after regrown n-type GaN layer despite the relative low growth temperature (1055°C) and high growth pressure (200 Torr). In order to investigate the effect of the distance (marked as D) between the active region and PhCs on the LEE of PhCs LEDs, the regrown time of the n-type GaN layer was set to 55 min, 30 min, and 15 min, and the thickness (that is D) of the regrown n-type GaN layer over the air-gap PhCs was 2370 nm, 1330 nm, and 560 nm, respectively [ Fig. 2(d)-(f) ]. We found that, the upper parts of the originally 1-µm-deep air holes were filled by GaN during the regrowth process and 500-nm-thick air-gap was left at last. Furthermore, the originally induced defects in the sidewalls were recovered.
The diameter of the air-gap's middle part was 200 nm and both ends of the air-gap were narrowed by the coalescence of semipolar facts. We used transmission electron microscope (TEM) measurement to investigate whether the threading dislocations in the n-type GaN layer could be blocked by the coalescence process or additional threading dislocations would be appear resulted from ICP damages. The data, which is not shown here, showed most of the threading dislocations were not blocked or regenerated by the inclusion of the air-gap PhCs. The three PhCs LEDs and one conventional LED, which was from the same run of the PhCs LED with D = 560 nm, were fabricated with a standard mesa LED structures (mesa area: 1 × 1 mm 2 ) using ITO deposited on p-GaN layer as transparent conductive layer and Cr/Pt/Au as n-and p-electrodes by e-beam evaporation.
Results and Discussion
The light output power (LOP) for three kinds of PhCs LEDs with D = 560, 1330, and 2370 nm and conventional LEDs are measured by integrating sphere, the results are shown in Fig. 3(a) . Compared to conventional LEDs, the LOPs are improved by 58.6%, 77.1%, and 80.8% on average at an injection current of 350 mA, respectively. The LOP enhancement may attribute to improved internal quantum efficiency (IQE) or improved LEE. The IQE was also estimated by the widely used temperature-dependent photoluminescence (PL) method, where the IQE at room temperature (RT) is determined from the ratio of output powers at RT and low temperature (LT), assuming the IQE at LT (10 K) is 100%. The measured results showed that the IQE of PhCs LEDs and conventional LEDs was similar at 24.3%. So, the LOP enhancement in our experiment is mainly attributed to the improved LEE caused by the interaction of the guided modes and the embedded air-gap PhCs. On the other hand, not only the forward voltage of the PhCs LEDs is not increased by the inclusion of the embedded PhCs, but also a slightly decreasing is found in the PhCs LEDs with D = 2370 nm due to the thick n-type GaN layer (about 4 µm) providing a good current spreading in n-type electrodes [ Fig. 3(a) Fig. 3(b) ], where a 4.3 nm (D = 560 nm), 5.3 nm (D = 1330 nm), and 2.9 nm (D = 2370 nm) red-shift phenomenon is appear in the PhCs LEDs compared to the conventional LEDs. This red-shift phenomenon in the EL spectra may be caused by more In incorporation on the strain released overgrown GaN layer above the PhCs [14] . Fig. 3(c) presents four optical photographs of the conventional LED and the PhCs LEDs. The PhCs LEDs are brighter and emitted uniformly over the entire LED surfaces. The uniformly emitting should cause by the PhCs LEDs' thicker n-type GaN layers, which leading for better current spreading in ntype side [16] . In order to further study the modulation effect of the PhCs on these LEDs, the angular far field radiation patterns of PhCs LEDs and conventional LEDs driven at 350 mA were measured [ Fig. 3(d) ]. The full-width-at-half maximum (FWHM) of emission divergence for these PhCs LEDs are 146.9°, 147.8°, and 139.7°, respectively, which are a little smaller compared to that of 155.8°f or conventional LEDs. This implies that the PhCs directional characteristic on the light emission in our experiment is not strong because the period of embedded-PhC is large enough to have many diffraction orders in the blue light regime resulting in light leakage along many directions. These slightly smaller emission divergence may be caused by partial side emission of the conventional LEDs is redirected to the top and bottom (has a metal reflector) escape-cone by the PhCs effect.
We used 2D Finite Difference-Time Domain (FDTD) simulation tools to quantitatively investigate the effect of D on the LEE of PhCs LEDs. The simulated LED structure consisted of 150-nm-thick p-type GaN, 120-nm-thick active region, 4-µm-thick n-type GaN, and 6-µm-thick sapphire. The simulation area was 40 × 10 µm 2 . We used a perfectly matched layer (PML) boundary condition and a silver reflector under the sapphire substrate for the simulation. The light extraction was calculated from the top surface only. A point dipole with polarization direction perpendicular and parallel to the LED slab was used as a radiation source [7] . The simulation results clearly show that the LEE enhancement factor has three regions (I, II, and III region) with increasing D [Fig. 4 ]. In the region I where the D is smaller than ∼100 nm, the LEE enhancement factor is larger than the other two regions. This is because that the internal quantum efficiency was enhanced by the adjacent embedded-PhCs, which may affect the photon density of states [2] . This is difficult to realize for a smooth coalescence n-type GaN layer, whose thickness is, generally, above several hundred of nanometers, is needed for the growth of MQWs [20] . In the region II (D<∼2.5µm), the internal quantum efficiency of the LEDs is not changed and the LOP enhancement of the LEDs is caused by the LEE improvement only. The LEE enhancement is fluctuating with the increasing D in region II. The guided modes in the LEDs are increasing with the increasing thickness of the GaN slab [9] . The modes which can be extracted by the embedded-PhCs are certain. In the region II, part of the increased guided modes caused by the increasing D may still be extracted by the embedded-PhCs, that is to say, the LEE enhancement factor in the region II may be relatively stable. However, when the GaN slab is thick enough, the increased guided modes is much larger than the modes which can be extracted by the embedded-PhCs, the LEE enhancement factor is much smaller than the other two. This is region III (the dotted line is an imagine result). Interestingly, in our experiment, it just happens that the three PhCs LED samples have shown the LEE enhancement increasing with increasing D for D = 560 nm is in troughs and D = 1330, 2370 nm are near peaks in the curve of Fig. 4 . 
Conclusion
Based on nanosphere lithography (NSL) technology, high quality 2D triangular-lattice air-gap PhCs were embedded in n-type GaN layer of LEDs. The light output power (LOP) of PhCs LEDs with D = 2370 nm can be greatly improved by 80.8% on average without degradation in forward voltage compared to conventional LEDs. These results may mainly be attributed to the improved light extraction efficiency (LEE) provided by large-scale two-dimensional triangular-lattice air-gap photonic crystals (PhCs), which enhance the interaction of the guided modes and the embedded air-gap PhCs.
